Mucus overproduction in inflammatory and obstructive airway diseases is associated with goblet cell (GC) metaplasia in airways. Although the mechanisms involved in GC metaplasia and mucus hypersecretion are not completely understood, association with oxidative stress and epidermal growth factor receptor (EGFR) signaling has been reported. To explore the mechanisms involved in oxidative stress-induced GC metaplasia, cultures of differentiated normal human bronchial epithelial cells grown at the air-liquid interface were exposed to reactive oxygen species (ROS) generated by xanthine/xanthine oxidase. EGFR activation and signaling was assessed by measuring EGF and transforming growth factor-␣ release and EGFR and 44/42 MAPK phosphorylation. The GC population was evaluated by confocal microscopy. ROS-induced EGFR activation resulted in GC proliferation and increased MUC5AC gene and protein expression. Signaling was due to pro-EGF processing by tissue kallikrein (TK), which was activated by ROS-induced hyaluronan breakdown. It was inhibited by catalase, a TK inhibitor, and EGF-blocking antibodies. Exposure to recombinant TK mimicked the ROS effects, increasing the expression of MUC5AC and lactoperoxidase. In addition, ROS induced the antiapoptotic factor Bcl-2 in a TK-dependent fashion. In conclusion, ROS-induced GC metaplasia in normal human bronchial epithelial cells is associated with HA depolymerization and EGF processing by TK followed by EGFR signaling, suggesting that increases in TK activity could contribute to GC metaplasia and mucus hypersecretion in diseases such as asthma and chronic bronchitis. The data also suggest that increases in GC population could be sustained by the associated upregulation of Bcl-2 in airway epithelial cells.
and T helper-2 lymphocyte-derived cytokines IL-4, IL-9, and IL-13 (16) (17) (18) (19) , are known to induce GC metaplasia or mucin hypersecretion in animal models and in vitro studies. The antiapoptotic factor Bcl-2 appears to be crucial to sustain the increase in GC numbers (20) , and its expression is upregulated in GC in the airways of patients with asthma (21) or cystic fibrosis compared with healthy individuals (20) . Bcl-2 is also increased in lipopolysaccharide-induced GC metaplasia in rat airways (22) . Until recently, mucin production was considered the only function of GC necessary to provide a defense "shield" between the epithelium and the environment. However, GCs have been shown to synthesize additional products important for host defense, such as lactoperoxidase (LPO) (23) (24) (25) in human and sheep and surfactant protein D (26) in rats.
Epidermal growth factor receptor (EGFR) activation (27) with subsequent signaling via EGFR tyrosine kinase and mitogenactivated protein kinase (MAPK) seems to be a convergent pathway involved in GC hyperplasia and increased MUC5AC gene expression (12, 15) induced by oxidative stress and T helper-2 cytokines. EGFR activation can be achieved by multiple EGFR ligands: EGF, transforming growth factor (TGF)-␣, heparin-binding EGF-like growth factor (HB-EGF), amphiregulin, epiregulin, and betacellulin (28) (29) (30) (31) . These ligands are synthesized as transmembrane precursors and are cleaved to their active form by matrix metalloproteases of the ADAM family (32) (33) (34) (35) , with the exception of EGF, which is cleaved by the serine protease tissue kallikrein (TK) in kidney (36) , in salivary and mammary glands (37, 38) , and in airways submucosal gland cells (39) . TK is present in the airways (40, 41) , and its activity is elevated in the bronchoalveolar lavage of patients with asthma (42, 43) and in patients with chronic bronchitis (44, 45) ; exposure to air pollutants can also induce TK upregulation (46) . Studies from this laboratory have shown that the glycosaminoglycan hyaluronan (HA) immobilizes TK at the apical pole of airway epithelium and inhibits its catalytic activity (41, 47) ; consequently, HA degradation results in a dramatic increase in TK activity (41) . Because HA is depolymerized by reactive oxygen species (ROS) (48) , increased airway TK activity is expected in diseases associated with increased airway ROS production. TK activity is increased in patients with chronic bronchitis and other diseases associated with oxidative stress and mucus hypersecretion when compared with normal subjects (42, 44) possibly due to continued degradation of HA by ROS (49) (50) (51) . We have also shown that ROS-induced EGFR signaling and MUC5AC hypersecretion is associated with HA depolymerization followed by pro-EGF processing by TK in primary cultures of human submucosal gland (SMG) cells (39) .
The goal of the present study was to test whether ROSinduced, EGFR-dependent GC metaplasia is initiated by HA depolymerization in polarized human airway epithelial cells. To test this hypothesis, we exposed normal human bronchial epithelial (NHBE) cells grown and differentiated at the air-liquid interface (ALI) to oxidative stress and assessed HA depolymerization, TK activation, pro-EGF processing, EGFR and 44/42 MAPK phosphorylation, gene and protein expression of specific goblet cell products (MUC5AC, LPO and Bcl-2), and goblet cell population.
MATERIALS AND METHODS

Materials
All materials were purchased from Sigma Chemical Co. (St. Louis, MO) unless otherwise specified.
Primary Cultures of NHBE Cells at the ALI
Primary cultures of NHBE cells were obtained from human lung donors, whose lungs were rejected for transplantation, through the University of Miami Life Alliance Organ Recovery Agency with approval from the local Institutional Review Board. NHBE cells, harvested as described (52), were plated on collagen-coated plastic dishes, grown to confluence in bronchial epithelial growth medium yielding undifferentiated airway epithelial cells, and passaged after enzyme dissociation with trypsin (53) . Cells from Passage 1 were plated onto 24-mm Transwellclear culture inserts (Corning Costar Corporation, Cambridge, MA) coated with human placental collagen. The culture medium has been described (52, 53) . It contained 50% Dulbecco's modified Eagle's medium and 50% Lechner and LaVeck (LHC) basal medium supplemented with insulin (5 g/ml), hydrocortisone (0.072 ng/ml), epidermal growth factor (0.5 ng/ml), tri-iodothyronine (T3, 6.5 ng/ml), transferrin (10 g/ml), epinephrine (0.6 g/ml), phosphorylethanolamine (0.5 M), ethanolamine (0.5 M), bovine pituitary extract (1% vol/vol), BSA (0.5 mg/ml), CaCl 2 (0.08 mM), trace elements (1ϫ), stock 4 (1ϫ), stock 11 (1ϫ), penicillin/streptomycin (100 g/ml), and retinoic acid (0.05 M). Cells were grown in an incubator at 37ЊC in ambient air supplemented with 5% CO 2 . The apical surface was exposed to air as soon as the cells reached confluence. Cultures were used for experiments after reaching full differentiation ‫ف(‬ 3 wk on air) as assessed by visual confirmation of beating cilia and mucus. The cultures used in this study had 89 Ϯ 4% of ciliated cells (n ϭ 10 lung donors) measured by labeling ciliated cells with antiacetylated tubulin mAb and counted with Metamorph software (Universal Imaging Corporation, Molecular Devices, Sunnyvale, CA) as described below.
Protocols
Exogenous EGF was removed from the media 48 h before the studies. Immediately before all experiments, 500 l of PBS was applied to the apical surface of the cultures. After treatment, apical supernatants were collected, and cells were lysed with 20 mM sodium phosphate, 150 mM NaCl, 5 mM EDTA, 50 mM Hepes, 1% Triton X 100, 50 mM NaF, 1 mM sodium orthovanadate, 5 mM PMSF, 10 g/ml leupeptin, and 10 g/ml aprotinin at pH 7.8 (lysis buffer) for 30 min at 4ЊC. To remove insoluble material, cell lysates were centrifuged at 12,000 ϫ g for 5 min at 4ЊC. Supernatants and cell lysates were frozen at Ϫ20ЊC for later analysis.
In experiments designed to test the effects of ROS on EGFR ligand processing and signaling, NHBE cells (n ϭ 3 different lung donors, in triplicate wells for each experimental condition) were apically exposed to PBS or 0.6 mM xanthine plus 0.05 units of xanthine oxidase (X/XO) for 30 min. This time is enough to elicit EGFR activation persistent for 24 h as has been reported when the stimulus is applied apically on polarized epithelial cells (54) . ROS exposure was done in the presence or absence of catalase (150 U/ml), the specific TK peptide inhibitor (PI) RPGLPVRFESPLRINIIKE-NH2 (39, 55) (100 g/ml), or the metalloprotease inhibitor GM6001 (25 M; Chemicon International, Temecula, CA). This method helps to differentiate the TK-processed EGF from the other EGFR ligands (TGF-␣, HB-EGF, amphiregulin, and betacellulin), which are activated by metalloproteases of the ADAM family and sensitive to inhibition by GM6001. To determine if ROS effects were mediated by EGFR, cells were pretreated 15 min before X/XO with functionally blocking anti-EGFR antibodies (2 g/ml; Calbiochem, San Diego, CA). To confirm that the effects of oxidative stress were mediated by EGF, additional cells from two lung donors were treated with PBS or X/XO in the presence or absence of neutralizing rabbit anti-human EGF antibodies (1 g/ml; US Biological, Swampscott, MA).
In experiments designed to define changes in cell phenotype, NHBE cells (n ϭ 3 different lung donors) were exposed once daily for 3 d to PBS or X/XO in the presence or absence of catalase, PI, GM6001, or blocking anti-EGFR antibodies in the same concentrations as described previously. At Day 4, replicate filters were used for RNA extraction, protein measurements, or immunohistochemistry. Filters from two lung donors treated with PBS, X/XO, or X/XO ϩ catalase as before were maintained at normal ALI conditions during three additional days to determine if the phenotypic changes were maintained after the removal of oxidative insult. At Day 7, cultures were used for RNA extraction or immunohistochemistry.
Because these experiments suggested that TK and not metalloproteases were involved in processing pro-forms of EGFR ligands in these cells, as in human SMG cells (39) , experiments were designed to directly test the ability of TK to induce GC metaplasia. NHBE cells were exposed daily for 3 d to PBS (control) or recombinant TK (1 M) produced in Pichia pastoris as described (39, 56) in 500 l PBS in the presence or absence of PI (4 M). At Day 4, replicate filters were used for GC quantification by immunohistochemistry.
MUC5AC and Acetylated Tubulin Immunofluorescence
To visualize phenotypic changes induced by ROS on NHBE cells cultures grown at the ALI, anti-MUC5AC antibodies to label goblet cells and antiacetylated tubulin antibodies to label ciliated cells were used. Replicate cell culture inserts treated as described previously were fixed and permeabilized with cold acetone-methanol (1:1) for 1 min. After blocking 1 h with BSA 1% in PBS, 10 g/ml of mouse anti-MUC5AC antibody (Chemicon International) was added to the luminal surface overnight. Cells were washed with PBS, and Alexa 488-labeled antimouse IgG antibody (0.1 g/ml; Molecular Probes, Carlsbad, CA) was added followed by mAb to acetylated tubulin (g/ ml) for 2 h. Cells were washed, and Alexa 555-conjugatad anti-mouse antibody (0.1 g/ ml) was incubated for 1 h. Transwell inserts were excised and mounted on slides with Gel/Mount (Biomeda, Foster City, CA) containing 4Ј,6-diamidine-2-phenylindole. Images were captured with a confocal laserscanning microscope (Zeiss LSM, Thornwood, NY).
Phosphorylated and Total EGFR Immunoblotting
To test if the phenotypic change on NHBE cultures after X/XO treatment was due to EGFR signaling, EGFR activation was assessed as previously described (39) . Duplicate aliquots of cell lysates (n ϭ 3 different lung donors) containing equal amounts of protein were used for estimating total and phosphorylated EGFR (pEGFR) on parallel Western blots. EGFR was immunoprecipitated using a rabbit anti-EGFR antibody (1 g/ml; Santa Cruz Biotechnology, Santa Cruz, CA) and protein A-agarose beads (Santa Cruz Biotechnology). Pellets from immunoprecipitation were electrophoresed on 4-15% Tris-HCl Ready Gels (BioRad, Hercules, CA) and transferred electrophoretically to polyvinylidene fluoride membranes (Millipore, Billerica, MA). The membranes were blocked with 1% gelatin in Tris-buffered saline (TBS) containing 0.05% Tween-20 (1 h) followed by antiphosphotyrosine mAb (PY99, 2 g/ml; Santa Cruz Biotechnology) or anti-EGFR mAb (Ab-3, 1 g/ml; Calbiochem). Secondary antibody was an alkaline phosphatase (AP)-conjugated goat anti-mouse IgG (0.5 g/ml, Kirkegaard and Perry Laboratories [KPL]). For visualization, bromochloroindolyl phosphate/ nitro blue tetrazolium was used as a substrate. Developed blots were photographed using the GelDoc XRS system (BioRad), and quantification of the pEGFR/EGFR ratio was done using Quantity One software (BioRad).
Phosphorylated and Total 44/42 MAPK Immunoblotting
Aliquots of cells lysates containing equal amounts of protein (n ϭ 3 different lung donors) were run on 4-15% Tris-HCl Ready gels and transferred to polyvinylidene fluoride membranes as described previously. Visualization of 44/42 MAPK and phosphorylated MAPK (pMAPK) was achieved using the PhosphoPlus p44/p42 MAP kinase (Thr202/Thr204) Antibody kit according to the manufacturer's instructions (Cell Signaling Technology, Beverly, MA). Developed blots were photographed and pMAPK/MAPK ratios were assessed as described previously for EGFR.
Visualization of HA Depolymerization and Quantitative Analysis of HA
To confirm that X/XO induced HA depolymerization under the experimental conditions, we assessed the release of soluble HA from the apical pole of epithelial cells and analyzed molecular distribution and average molecular mass of HA as previously described (39) . The HA content of the supernatants was estimated using a biotinylated HAbinding protein, ELISA-like assay as described by Bray and colleagues (57) . In addition, supernatants of NHBE cell cultures, treated with PBS, X/XO, or X/XO plus catalase as described previously, were collected, pooled, and digested with proteinase K (125 g/ml for 2 h at 60ЊC). Digested samples were precipitated in 85% ethanol, and pellets were used for agarose electrophoresis. One set of pellets was resuspended in water and run in 0.7% agarose-Tris-Borate-EDTA gels as described (58) . For the estimation of molecular mass, HA standards (Select-HA HiLadder and LoLadder; Hyalose, Austin TX) were used. After electrophoresis, samples were transferred to a Biodyne B nylon membrane (Pall Gelman Laboratory, Ann Arbor, MI) and probed with bHABP (1 g/ml) (Seikagaku, Tokyo, Japan) followed by streptavidinalkaline phosphatase (BioRad). Color was developed with bromochloroindolyl phosphate/nitro blue tetrazolium.
TK Enzyme Activity
TK enzyme activity was determined using DL-Val-Leu-Arg-pNA as a substrate as described previously (41, 59). Briefly, samples (100 l) were incubated in an ultra-low-binding, 96-well plate (Corning, Acton, MA) with 10 l trypsin (5 g/ml) for 15 min at 37ЊC to activate prokallikrein. After adding 40 l soybean trypsin inhibitor (SBTI) (1 mg/ml) and 100 l of DL-Val-Leu-Arg-pNA (2 mM; ICN, Irvine, CA) in 200 mM Tris (pH 8.2), absorbance was measured at 412 nm using a microplate reader (Molecular Devices, Sunnyvale, CA). Enzyme concentrations were calculated by interpolating activities from the recombinant TK (rTK) standard curve.
Quantitative Analysis of EGF and TGF-␣
The EGFR ligands EGF and TGF-␣ were measured in apical media (n ϭ 4 different lung donors) using commercially available ELISA kits according to the manufacturers' guidelines (Quantikine kit; R&D Systems, Minneapolis, MN, and Calbiochem, respectively).
RT-PCR
RNA was extracted from NHBE cells cultured at the ALI (n ϭ 3 different lung donors) using Trisol (Invitrogen, Carlsbad, CA). cDNA was obtained using SuperScript First Strand Synthesis System for RT/ PCR kit (Invitrogen). MUC5AC-and Bcl-2-specific oligonucleotide primers were designed according to Shao and colleagues (60) (sense: 5Ј-TCC GGC CTC ATC TTC TCC-3Ј; antisense: 5Ј-ACT TGG GCA CTG GTG CTG-3Ј) and Floros and colleagues (61) (sense: 5Ј-TTT GAG TTC GGT GGG GTC AT-3Ј; antisense: 5Ј-TGA CTT CAC TTG TGG CCC AG-3Ј), respectively. The expected fragments amplified by PCR were 679 bp for MUC5AC and 274 bp for Bcl-2, and their identities were confirmed by sequence analysis. As quantitative controls, primers for ␤-actin (sense: 5Ј-ATC TGG CAC CAC ACC TTC TA-3Ј; antisense: 5Ј-CGT CAT ACT CCT GCT TGC TG-3Ј) (61) were used. cDNA was amplified by 30 cycles at 94ЊC for 30 s, 57ЊC for 45 s, and 72ЊC for 45 s, followed by a 3-min elongation at 72ЊC. PCR products were sequenced using the ABI Prism 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA).
MUC5AC ELISA
ELISA assay was performed as previously described (39) . Briefly, cell lysates were incubated with bicarbonate-carbonate buffer (pH 9.2) for 1 h at 37ЊC in a MaxiSorp 96-well plate (Nunc, Rochester, NY) or until dry. Plates were washed three times with TBS and blocked with 2% BSA for 1 h at room temperature. Plates were washed three times with TBS and incubated with a monoclonal anti-MUC5AC antibody (10 g/ml) (Chemicon International). After 1 h, wells were washed with TBS, and 100 l of AP-conjugated goat anti-mouse IgG (0.2 g/ml, KPL) was dispensed into each well. After 1 h, plates were washed with TBS. Color was developed with p-nitrophenyl phosphate and stopped with 3 N NaOH. Absorbance was read at 410 nm. Results were expressed as percent changes at A 410 above the PBS control. This was necessary because purified MUC5AC is not available to calibrate the assays.
Goblet Cell Quantification
MUC5AC-positive cells labeled by immunofluorescence as described previously were counted using optical fluorescent microscopy. From every slide, 15 fields at 40ϫ magnification were randomly selected and loaded into the Metamorph software. Five counting frames of 125 ϫ 125 m were randomly applied to each of the 15 selected fields; cells within regions were marked and counted, including cells intersecting the upper and left borders of each frame. The total number of cells per frame was estimated by counting the total number of nuclei within each frame. For rTK-treated cells, the apical surface of NHBE cells was gently rinsed with PBS (37ЊC) to remove mucus and debris. Cells were fixed with acetone-methanol (1:1) for 1 min (Ϫ20ЊC). After fixation, two of the inserts obtained from three lung donors were labeled with anti-MUC5AC antibody or 10 g/ml (Chemicon International) after blocking with 1% BSA in PBS. The third piece was used as a nonimmune control. Increase of mucous cells was determined analyzing the number of MUC5AC-positive cells on 10 fields/filter in triplicate samples of each experimental condition. Digital pictures were obtained with an Olympus BH-2 microscope (Olympus America Inc., Melville, NY). Relative quantification of MUC5AC-positive cells was done using Metamorph software. Results were expressed as fold increase of the number of positive MUC5AC cells/field over the control values (PBS).
Immunohistochemical Analysis of EGFR, Bcl-2, and LPO
To test if the use of rTK, which signals downstream from ROS in the induction of GC proliferation, could mimic ROS effects and to validate the GC counts using antibodies to additional GC products (LPO and Bcl-2), inserts treated with PBS or rTK in the presence or absence of PI as described in Protocols, were fixed with acetone-methanol (1:1). Duplicate inserts obtained from three lung donors were divided into four pieces. After blocking as described previously, the cells were labeled with anti-10 g/ml EGFR (Ab-3; Calbiochem), 20 g/ml antiBcl-2 (Chemicon), or anti-LPO (1:200, generated as described) (24) antibodies. AP-conjugated goat anti-mouse IgG or goat anti-rabbit IgG antibodies (0.2 g/ml) (KPL) were applied, and color was developed using NBT/BCIP as substrate.
EGFR Immunofluorescence
To test if X/XO induced apical expression of EGFR as suggested in Figure 8 , inserts treated with PBS or X/XO in the presence or absence of catalase as described in Protocols were pretreated with 0.2% Triton X-100 in 100 mM KCl, 3 mM MgCl 2 , 1 mM CaCl 2 , 200 mM sucrose, and 10 mM Hepes (pH 7.1) before fixation with acetone-methanol (1:1). After blocking as described previously, the cells were labeled with 10 g/ml anti-EGFR (Santa Cruz Biotechnology). Cells were then washed with PBS, and 0.1 g/ml Alexa 488-labeled mouse anti-IgG (Molecular Probes) was added. Excised inserts were mounted on slides with Gel/ Mount (Biomeda). Images from the apical pole were captured with a confocal laser-scanning microscope (Zeiss LSM).
Colocalization Studies
To confirm that the GC markers used (MUC5AC, LPO) labeled the same cell population and that those cells were the ones with high expression of EGFR as reported (27) , duplicate cell culture inserts treated with X/XO once daily for 3 d, as described in Protocols, were fixed and permeabilized with cold acetone-methanol (1:1) for 1 min. After blocking for 1 h with BSA 1% in PBS, 10 g/ml of anti-MUC5AC antibody was added to the luminal surface overnight. Cells were washed with PBS, and 0.1 g/ml Alexa 488-labeled mouse anti-IgG (Molecular Probes) was added. Colocalization with EGFR or LPO was achieved by the addition of rabbit anti-EGFR (1:100; Santa Cruz Biotechnology) or anti-LPO (1:200) antibodies for 2 h at room temperature. After washing, Alexa 555-conjugated anti-rabbit IgG (0.1 g/ml) was incubated for 1 h at room temperature. Excised inserts were mounted on slides with Gel/Mount (Biomeda) containing 4Ј,6-diamidine-2-phenylindole for nuclei visualization. Images were captured with a confocal laser-scanning microscope (Zeiss LSM). 
Statistical Analysis
Data were expressed as means Ϯ SEM. Differences between multiple groups were compared using a one-way ANOVA followed by the Tukey Kramer honestly significant difference test. The Levene test was used to analyze the homogeneity of variances. Significance was accepted at P Ͻ 0.05.
RESULTS
X/XO Stimulates GC Differentiation/Proliferation on NHBE Cells
To examine if oxidative stress induced changes in the phenotype of differentiated NHBE cells grown at the ALI, antibodies to MUC5AC (GC marker) and acetylated tubulin (cilia marker) were used for double-labeling immunofluorescence as described in Materials and Methods. As observed in confocal microscopy images (Figure 1 ), apical treatment with once daily X/XO for 3 d induced an increase of MUC5AC-positive cells and a decrease of ciliated cells. Colocalization in X/XO treated cells was due to MUC5AC released by goblet cells and present on top of the cilia, rather than being released by the same cells, because it disappeared after cells were washed with PBS at 37ЊC. In those filters, MUC5AC labeling was limited to CG.
These phenotypic changes were inhibited by catalase, suggesting that oxidative stress induced GC metaplasia on NHBE cultures grown at the ALI. In addition, X/XO-treated cells (Figure 1 ) seem larger than cells in the other panels. This finding was not consistent, and not all cultures tested (obtained from different lung donors) showed this "hyperplastic" response. A larger sample population is needed to determine if GC hyperplasia is associated with oxidative stress.
Apical X/XO Induces EGFR Activation and Signaling in NHBE Cells
To test if the ROS-induced GC metaplasia was mediated by EGFR, EGFR phosphorylation and signaling was assessed by exposing cells apically to ROS generated by X/XO for 30 min as described in Materials and Methods. Apical X/XO treatment induced EGFR activation (measured by pEGFR/EGFR ratios) and signaling, determined by the phosphorylation of 44/42 MAPK (pMAPK/MAPK ratios) (Figure 2 ). X/XO-induced EGFR and 44/42 MAPK activation was due to ROS generation because it was inhibited by catalase. These data suggest that apical oxidative stress on NHBE cells causes EGFR activation and signaling through 44/42 MAPK. Because EGFR ligands are synthesized as transmembrane precursors and are cleaved to their active form by matrix metalloproteases of the ADAM family or the serine protease TK, inhibitors of these proteases were used. The fact that TK protease inhibitors and not metalloprotease inhibitors and neutralizing anti-EGF antibodies (Figure 3 ) inhibited ROSinduced EGFR and MAPK activation strongly suggests that EGF was the ligand involved in EGFR signaling.
Apical X/XO Induces HA Depolymerization, TK Activation, and pro-EGF Processing in NHBE Cells
Because ROS-induced EGFR activation is mediated by pro-EGF activation due to TK release secondary to HA depolymerization in SMG cells (39), we tested if those mechanisms were operative in NHBE cells. HA levels, average molecular size, TK activity, and released EGF were assessed in apical washes of cultures treated as described in Materials and Methods. X/XO exposure for 30 min increased HA concentrations in apical washes when compared with PBS control (0.15 Ϯ 0.03 g/mg cell lysate protein versus 5.05 Ϯ 1.33 g/mg; P Ͻ 0.05) ( Figure  4A ). Catalase treatment prevented ROS-induced increases in HA levels (0.53 Ϯ 0.13 g/mg; P Ͼ 0.05 compared with X/XO). In addition, X/XO treatment resulted in a decrease in the HA average molecular size from Ͼ 1.5 MDa to ‫ف‬ 0.6 MDa (increased mobility and decrease in HA size and heterogeneity), whereas catalase treatment prevented HA breakdown (Ͼ 1.5 MDa) ( Figure 4B ). These results are consistent with HA breakdown and release from the epithelial cell surface. Concomitant with the HA depolymerization, TK activity and EGF levels increased from 1.18 Ϯ 0.03 g/mg protein versus 0.55 Ϯ 0.05 g/mg (P Ͻ 0.05) and 9.5 Ϯ 0.4 pg/mg protein versus 6.1 Ϯ 0.5 pg/mg (P Ͻ 0.05), respectively ( Figure 5A ). The levels of TGF-␣, an EGFR ligand that is abundant in airway epithelial cells but is not processed by TK, were not affected by oxidative stress in these experiments (2.3 Ϯ 0.1 pg/mg cell lysate protein versus 2.5 Ϯ 0.2 pg/mg; P Ͼ 0.05). Catalase or PI treatment resulted in TK (0.63 Ϯ 0.19 and 0.49 Ϯ 0.10 g/mg protein) and EGF (6.3 Ϯ 0.7 and 6.9 Ϯ 0.6 pg/mg protein) concentrations comparable to baseline levels ( Figure 5 ), whereas GM6001 had no effect on TK (1.06 Ϯ 0.03) or EGF (9.5 Ϯ 0.6) levels. These results show that X/XO induced HA depolymerization, TK activation, and pro-EGF processing in NHBE cells grown at the ALI because these effects were inhibited by catalase and EGF release was inhibited by the specific TK peptide inhibitor. 
GC Metaplasia due to Oxidative Stress Is Mediated by EGF-Induced EGFR Activation
To test if the observed EGFR activation by X/XO resulted in changes in the GC population or secretion, we assessed MUC5AC as an end-point of EGFR-induced phenotypic transformation of GC. MUC5AC gene and protein expression were measured after apical treatment once daily for 3 d as described in Materials and Methods. Exposure to X/XO induced MUC5AC gene expression, as evidenced by MUC5AC/actin mRNA ratios (2.13 Ϯ 0.43; P Ͻ 0.05) compared with PBS control (0.21 Ϯ 0.02). The increase in MUC5AC expression was inhibited by catalase (0.94 Ϯ 0.12), the specific TK PI (0.65 Ϯ 0.07), and functionally blocking anti-EGFR antibodies (0.83 Ϯ 0.08) (all Figure 5 . ROS increase TK activity and EGF release into the apical compartment of human NHBE cells. Apical compartments of human NHBE cell cultures (n ϭ 3 different lungs) were exposed to PBS or X/XO alone or with catalase (Cat), TK inhibitor (PI), metalloprotease inhibitor (GM6001), or functionally blocking anti-EGFR monoclonal antibodies (RAb) for 30 min. Apical washes were analyzed for TK with an enzyme activity assay (g/mg cell lysate protein, A ) and for EGF levels (pg/mg cell lysate protein, B ) with an ELISA. *P Ͻ 0.01 compared with PBS (control). **P Ͻ 0.01 compared with X/XO. P Ͻ 0.05 compared with X/XO-treated cells). The metalloprotease inhibitor GM6001 did not significantly inhibit the X/XO effect (1.87 Ϯ 0.22; P Ͼ 0.05), confirming that EGFR ligands processed by metalloproteases of the ADAM family (i.e., TGF-␣, HB-EGF, or amphiregulin) were not involved in MU-C5AC upregulation in these cells under these conditions ( Figure  6A ). Consistent with gene expression findings, ELISA analysis ( Figure 6B) showed that X/XO exposure increased MUC5AC protein expression (32.5 Ϯ 9.3% above PBS control; P Ͻ 0.05). This effect was inhibited by catalase (10.1 Ϯ 3.6%), PI (1.1 Ϯ 4.2%), and functionally blocking anti-EGFR antibodies (7.2 Ϯ 6.0% above baseline) (all P Ͻ 0.05 versus X/XO). In contrast, no significant differences were observed with GM6001 pretreatment (18.8 Ϯ 7.5% above baseline; P Ͼ 0.05). These results suggest that ROS-induced MUC5AC increases in NHBE cell cultures were mediated by TK processing of pro-EGF followed by EGFR activation. To determine if MUC5AC increases were associated with GC metaplasia, we assessed GC numbers as described in Materials and Methods. X/XO treatment once daily for 3 d resulted in an increase of the percentage of MUC5AC-positive cells (21.6 Ϯ 3.4%) compared with PBS control cells (3.3 Ϯ 1.2%). This effect was inhibited by catalase (3.8 Ϯ 0.7), PI (3.1 Ϯ 0.8), and RAb (3.9 Ϯ 0.9%) but not by GM6001 (19.6 Ϯ 3.1%). This inhibition profile is consistent with the observed gene expression ( Figure 6C ) and confirms that GC differentiation/ proliferation was associated with increases in MUC5AC. 
X/XO Induces Bcl-2 Expression Human Airway Epithelia
Because Bcl-2 is an anti apoptotic marker that has been reported to sustain GC metaplasia (20), we assessed Bcl-2 gene expression in the experimental conditions described previously. X/XO treatment increased the Bcl-2/Actin mRNA ratio (1.22 Ϯ 0.25; P Ͻ 0.05) compared with control (0.23 Ϯ 0.03) (Figure 7) . The increases in the Bcl-2/Actin mRNA ratio induced by X/XO were inhibited by catalase (0.62 Ϯ 0.90), PI (0.27 Ϯ 0.07), and functionally blocking anti-EGFR antibodies (0.40 Ϯ 0.09) (all P Ͻ 0.05 compared with X/XO-treated cells) but not by GM6001 (0.88 Ϯ 0.14; P Ͼ 0.05). These findings suggest that EGFR activation resulted in an additional mechanism aimed at sustaining increased GC number by slowing the turnover rate of these cells during Figure 7 . ROS-induce Bcl-2 mRNA expression. Human NHBE cells were exposed to PBS or X/XO for three consecutive days in the presence or absence of catalase, PI, GM6001, or functionally blocking anti-EGFR monoclonal antibodies (RAb). Bcl-2 mRNA expression assessed by RT-PCR (top) and expressed as Bcl-2/actin ratios (bottom). X/XO increased Bcl-2 mRNA. This effect could be blocked with catalase, PI, or RAb, whereas GM6001 had no effect. Graph is representative of three different lung donors.
oxidative stress. These effects were long lasting: The number of GC remained high (18.3 Ϯ 4.1% MUC5AC positive cells, n ϭ 2 lung donors) after those cultures were exposed to normal ALI conditions during three additional days after the chronic treatment with X/XO (results not shown). This result agrees with an increased Bcl-2 gene expression measured as the Bcl-2/Actin ratio in X/XO treated cells (1.72 Ϯ 0.09) versus PBS (0.48 Ϯ 0.09; P Ͻ 0.05) or X/XO ϩ catalase-treated cells (1.43 Ϯ 0.05; P Ͻ 0.05) at Day 7 (after 3 d of normal conditions).
Goblet Cell Differentiation/Proliferation Is Induced by TK on NHBE Cells
To confirm that, as suggested in the previous experiment, GC metaplasia is due, at least in part, to TK processing of pro-EGF, we treated cultures with rTK as described in Materials and Methods and used MUC5AC immunolabeling to identify GC. After 3 d of daily treatment, quantification of MUC5AC-positive cells showed that rTK increased mucous cells (5.5 Ϯ 0.5-fold over PBS) compared with PBS control cells (1.0 Ϯ 0.1; P Ͻ 0.01) (Figure 8 ). This effect was specifically inhibited by PI (1.8 Ϯ 0.3; P Ͻ 0.01). Figure 8 depicts photomicrographs representative of three separate experiments (n ϭ 3 lung donors). Labeling of additional GC products (LPO, EGFR, and Bcl-2; see Figure 8 ) confirmed the ability of TK to mimic the ROS-induced GC proliferation/differentiation.
X/XO Induces Apical Distribution of EGFR
To confirm that EGFR is present in the apical pole in X/XOtreated cells (daily during 3 d) as suggested in Figure 8 , images obtained from confocal microscopy from the apical pole of the cells fluorescently labeled with anti-EGFR antibodies as described in Materials and Methods were analyzed. In addition to the basolateral distribution of EGFR characteristic of normal airway epithelium and cultures treated with PBS, cells exposed to X/XO evidenced apical distribution of EGFR (Figure 9 ).
Catalase pretreatment specifically prevented apical expression of the receptor, suggesting that the X/XO induces apical expression and/or translocation of EGFR.
MUC5AC Colocalizes with LPO and EGFR
To confirm that the assessed mucous markers induced by X/XO treatment belong to the same cell population, double labeling using MUC5AC with LPO or EGFR antibodies was performed as described in Materials and Methods. Analysis using confocal microscopy ( Figure 10) showed that MUC5AC and LPO as well as MUC5AC and EGFR were visualized in the same cells, supporting the notion that EGFR was associated with GC differentiation/proliferation in airway epithelium exposed to oxidative stress. The data also validated MUC5AC as a useful tool to assess GC population in primary cultures of NHBE cells grown at the ALI.
DISCUSSION
The data presented here support the hypothesis that oxidative stress-induced GC metaplasia of differentiated primary cultures of human airway epithelial cells is due, at least in part, to a cascade of events initiated by the breakdown of HA, the activation of TK, the release of mature EGF, and EGFR activation. We have previously shown that HA is present at the apical pole of airway epithelial cells (47, 62) and that it is bound to TK, inhibiting its catalytic activity (41); therefore, we expected that ROS-induced HA depolymerization resulted in TK activation. We did not test if, in addition to the TK release from HA-TK complexes, X/XO induced increased TK expression. If this occurs, HA depolymerization would be necessary for the release of active TK because high-molecular-weight HA present at the epithelial surface would be sufficient to control the catalytic activity of the increased levels of TK. We also anticipated that TK should be able to process pro-EGF as reported in primary cultures of human submucosal glands cells and mimic ROS effects (39) . The novel findings in this study were that HA depolymerization induced by ROS resulted in phenotypic changes on differentiated primary cultures of NHBE cells using a relatively short-term exposure (once daily for 3 d) to oxidative stress. This treatment led to GC metaplasia, which was associated with EGFR activation by EGF. In the present study, we did not address the origin of the increased GC population, but the metaplasia is likely the result of proliferation from basal cells, as has been reported (63), or differentiation from nonproliferating pre-existent cells in combination with the increased half life due to upregulation of antiapoptotic factors (22, 64, 65) .
Our data confirm findings by other groups who reported that EGFR signaling was shown to result in MUC5AC induction, although there are with some discrepancies regarding to the ligands responsible for EGFR signaling. We found that in NHBE cells grown at the ALI, the ligand responsible for EGFR activation under oxidative stress was EGF, processed from its transmembrane pro-form by TK. The inhibitory effect of neutralizing anti-EGF antibodies on ROS-induced EGFR and MAPK activation confirmed these findings.
In contrast, other reports have shown that oxidative stressinduced GC metaplasia or MUC5AC expression was associated with TGF-␣ (66, 67) , amphiregulin (68, 69) , or HB-EGF (13) . The activation of all the transmembrane pro-ligands mentioned previously requires the activity of metalloproteases of the ADAM family. In our system, metalloproteases seem not to play a role in GC metaplasia because responses were not inhibited by the metalloprotease inhibitor GM6001. Confirming this notion, we found that EGF and not TGF-␣ levels increased in response to oxidative stress in our cells; these results are in contrast to the report of Shao and colleagues (67), who reported that H 2 O 2 production induced by PMA resulted in an increase of TGF␣Ϫmediated EGFR activation. There are several explainations for the discrepancies between the studies. First, Shao and colleagues used a much lower concentration of retinoic acid in their culture media ‫ف(‬ 3 ϫ 10 Ϫ10 M versus 5 ϫ 10 Ϫ8 M in our cultures). This is likely relevant because TGF-␣ gene expression is induced by these low concentrations of retinoic acid (70, 71) . We used the concentration that Koo and colleagues (71) found to be necessary to maintain mucous cell differentiation in NHBE cell cultures. Second, primary cells cultures, unlike cell lines, contain a heterogeneous cellular population (e.g., ciliated, secretory, basal) and show greater variability in a number of responses (72) . Our studies were performed in Passage 1 cells with Ͼ 80% ciliated cells. Under these conditions, our initial number of GCs was ‫ف‬ 3%. Third, the initial culture conditions, such as the characteristics of the cultures (number of ciliated and goblet cells), the cell passage, and the media composition used by Shao and colleagues (67), were not fully detailed, and therefore a comparison with our initial conditions is not possible. Fourth, Figure 9 . X/XO induces apical distribution of EGFR. NHBE cells treated for 3 d with X/XO were labeled using antibodies against EGFR (green) and scanned using confocal microscopy (original magnification: ϫ63). Picture shows the apical pole of the cultures. differences such as in the stimuli used to induce ROS production (PMA instead of X/XO) may be implied in activating different enzymes (TACE versus TK). Last, EGF was removed from our culture media 48 h before and during treatments (to allow us to assess the role of the endogenous, membrane-bound pro-EGF processing). The fact that those authors have used media supplemented with EGF may have affected the endogenous synthesis of pro-EGF.
Other stimuli, such as IL-13 or neutrophil elastase (73) , have been shown to induce GC metaplasia (74) (75) (76) and epithelial cell proliferation (77) by metalloprotease activation (e.g., TACE) and TGF-␣ release on bronchial epithelial cells (76) or by enhancing MUC5AC RNA stability (73) . The pathways involved in GC metaplasia and hypersecretion using those stimuli differ but do not conflict with our observations. For instance, primary bronchial or nasal epithelial cells were treated with IL-13 from the moment that they were exposed to air. Under these conditions, differentiation into GC phenotype was higher than in epithelial cells grown in the absence of IL-13 (74) (75) (76) . In contrast to our ROS exposure of completely differentiated NHBE cells ‫ف(‬ 21 d on air and with Ͼ 80% of ciliated cells) once daily for 3 d, the exposure to IL-13 was lengthy (14 d) starting as soon as cells were exposed to air ‫ف(‬ 7 d) and during the differentiation stage. Therefore, differences in experimental conditions and stimuli used in those reports likely explain the discrepancies in the EGFR ligands involved in GC metaplasia.
In our cultures, the basolateral distribution EGFR is modified by oxidative stress, which induced EGFR expression and/or translocation to the apical surface of NHBE cells. This change in localization allows ligand/receptor interaction because EGF (and most ErbB receptor ligands) is expressed at the apical compartment of epithelial cells and is separated by tight junctions from its receptor (78) , which is localized basolaterally in normal epithelium (29) . This pattern has been described in the airway epithelium of smokers (79) and patients with asthma (80), suggesting that oxidative stress could mediate EGFR apical expression and/or translocation. This study also shows that EGFR is colocalized with MUC5AC in GC, as has been described in the epithelium of patients with asthma (27) , suggesting that these cultures are a useful model to assess epithelial responses to oxidative stress.
In addition, we found that X/XO induced Bcl-2 gene expression and that this effect was mimicked by rTK. In Bcl-2, protein expression was not evident by immunohistochemistry in the control cells but was highly expressed after rTK treatment. These results are in agreement with Bcl-2 increases induced by EGF and p 44/42 MAPK in other tissues (81, 82) . Thus, EGFR activation resulted in an additional mechanism aimed at sustaining increased GC number by slowing the turnover rate of these cells during oxidative stress. These effects were long lasting: Bcl-2 gene expression and the number of GC remained high after those cultures were exposed to normal ALI conditions for three additional days after the chronic treatment with X/XO. These observations seem to be clinically relevant to hypersecretory states associated with human airway diseases. For example, an increased Bcl-2 immunoreactivity has been described in the airways of patients with asthma (21) and in mucous cells from patients with cystic fibrosis (20) . The fact that inhibition of Bcl-2 expression resulted in reduction of GC metaplasia (20) suggests that a decrease in GC turnover could contribute to the observed increase in GC population in human epithelium in such conditions.
We found that another GC product, LPO (23) , was induced by rTK treatment. This is consistent with the notion that GC, in addition to increased mucins in response to oxidative stress, are also capable of increasing the ROS scavenging properties of airway mucus through LPO (23, 83) .
In summary, these results provide a direct mechanistic link between sustained airway ROS insult during inflammatory responses and the development of GC metaplasia and mucous hypersecretion, characteristics of asthma and COPD. Our results suggest that HA plays a key role in regulating oxidative stressinduced GC metaplasia in human airways by regulating TK activity. The role of specific oxidants from exogenous (e.g., tobacco smoke) or endogenous [i.e., H 2 O 2 generation mediated by Duox (84) ] sources in HA depolymerization and EGFRmediated GC metaplasia needs further investigation.
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